Hepcidin is a key regulator of mammalian iron metabolism and mainly produced by the liver. Hepcidin excess causes iron deficiency and anemia by inhibiting iron absorption from the intestine and iron release from macrophage stores. Anemia is frequently complicated with heart failure. In heart failure patients, the most frequent histologic appearance of liver is congestion. However, it remains unclear whether liver congestion associated with heart failure influences hepcidin production, thereby contributing to anemia and functional iron deficiency. In this study, we investigated this relationship in clinical and basic studies. In clinical studies of consecutive heart failure patients (n = 320), anemia was a common comorbidity (41%). In heart failure patients without active infection and ongoing cancer (n = 30), log-serum hepcidin concentration of patients with liver congestion was higher than those without liver congestion (p = 0.0316).
Introduction
Anemia frequently occurs in patients with heart failure (HF) and is an independent prognostic factor for mortality (Ezekowitz et al. 2003; Hamaguchi et al. 2009 ). The etiology of anemia in HF patients is thought to be multifactorial. Hemodilution (Androne et al. 2003) , chronic inflammation (Weiss and Goodnough 2005) , renal dysfunction (Eschbach 2002), hemolysis (Kliger et al. 2013) , gastrointestinal bleeding (Holleran et al. 2013) , bone marrow dysfunction (Westenbrink et al. 2010) , resistance to erythropoietin (van der Meer et al. 2008) , hematinic deficiencies including vitamin B12, folic acid, and functional iron deficiency (FID) (Witte et al. 2004; Opasich et al. 2005) are thought to be etiological factors of anemia in HF patients. Especially, absolute and functional iron deficiency have been reported to be an important factor and a new term, cardiorenal-iron deficiency syndrome was proposed (Macdougall et al. 2012 ).
The central player regulating the amount of iron in the body is hepcidin (Ganz 2003) .
Therefore, hepcidin is postulated to play an important role in anemia and FID in HF (Matsumoto et al. 2010; Jankowska et al. 2013) . Hepcidin is mainly produced in hepatocytes and hepcidin excess causes iron deficiency and anemia by inhibiting iron absorption from the intestine and iron release from macrophage stores (Ganz 2003) .
Therefore, we focused on pathological findings of liver in HF with anemia. The most frequent histologic appearance of liver in HF patients is congestion. We hypothesized that liver congestion in HF patients may influence expression of hepcidin and increased expression of hepcidin may contribute to anemia and FID.
Hepcidin expression is induced and regulated by multiple factors (Fleming and interrelationships using a rat model of PAH.
Methods

Patient samples
In clinical study 1, we aimed to examine the prevalence of anemia in all HF patients admitted to the Cardiovascular Disease Department of Niigata University Medical and Dental Hospital for one year, and the relationship between markers of HF and markers of anemia in all HF patients was evaluated. Blood samples were obtained from consecutive patients (n = 320) with HF admitted between August 2013 and July 2014.
HF was defined as a brain natriuretic peptide (BNP) concentration of 50 pg/mL or higher and we defined HF only based on the BNP value. Blood Hb concentration of all patients was determined. Anemia was defined as a hemoglobin (Hb) concentration below the lower level of normal (male, Hb < 13.2 g/dL; female, Hb < 10.8 g/dL), and then serum iron and unsaturated iron-binding capacity were determined in as many patients with anemia as possible. The IVC diameter, an indicator of liver congestion, was measured at the end expiratory phase by ultrasound examination.
In clinical study 2, we aimed to examine the influence of LC on serum hepcidin levels. Blood samples were obtained from patients with anemia and HF (BNP >50 pg/mL) (n = 45), who gave their consent and were admitted to the Cardiovascular Disease Department of Niigata University Medical and Dental Hospital between 2008 and 2013. The IVC diameter was measured at end expiratory phase by ultrasound examination. LC was diagnosed with IVC diameter (! 2.0 cm) from echography (MCT) that causes pulmonary hypertension, as described in below. All animal experiments followed the guidelines for the care and use of laboratory animals published by the US National Institutes of Health and were done with the approval of Institutional Animal Care and Use Committee at the Niigata University. Rats (n = 37)
were anesthetized with inhalation of isoflurane. Rats received a single subcutaneous injection of MCT (60 mg/kg; Sigma Chemical, St. Louis, MO) and were studied 28 days (4 weeks, n = 11), 35 days (5 weeks, n = 10) and 42 days (6 weeks, n = 7) after injection. Control rats received a subcutaneous injection of phosphate-buffered saline and studied (4 weeks, n = 3; 5 weeks, n = 3; 6 weeks, n = 3). All animals were euthanized by an overdose of isoflurane inhalation in a killing chamber. Death of the animals was confirmed by the absence of breathing after removal of the carcass from the chamber and exsanguinated through the heart. Livers and hearts were collected for gene expression analyses and histological analyses.
Pulse Oximetry Measurements
Rats (Control, n = 6; MCT, n = 14) were weakly anesthetized with inhalation of isoflurane and arterial blood oxygen saturation was measured immediately in the footpad of the rats with a pulse oximeter (model 9847V; Nonin Medical, Plymouth, MN) and clip on sensor (2000SL; Nonin Medical) every week.
Blood count
Rat peripheral blood samples were obtained from the right atrium. Blood Hb concentrations were determined using the automated XE-2100 analyzer (Sysmex, Kobe, Japan).
Serum iron measurement
Rat serum iron and unsaturated iron-binding capacity were determined using an automated system H7700 (Hitachi High-Tech, Tokyo, Japan). The total iron-binding capacity was calculated as the sum of serum iron and unsaturated iron-binding capacity, and the percentage of transferrin saturation was calculated as (serum iron x100)/ total iron-binding capacity.
Histology and Berlin blue staining
Tissue samples were fixed at room temperature in 10% formalin. Samples from liver and heart were sequentially dehydrated through an alcohol series and embedded in paraffin. Four-µm thick sections were cut, deparaffinized in xylene, and dehydrated in descending series dilutions of ethanol. Each section from liver and heart was also stained with hematoxylin and eosin (HE) stain and Berlin blue stain for iron (Berlin blue staining set; WAKO Pure Chemical, Osaka, Japan).
RNA extraction and real time RT-PCR
Total RNA was isolated from the liver tissues using Trizol (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized from 5 µg of total RNA with random primers and murine Moloney leukemia virus reverse transcriptase. To create the plasmids used for the standard, rat hepcidin was amplified using the primer pairs as reported previously (Isoda et al. 2010) . PCR amplified cDNAs were inserted directly into the pGEM recombinant plasmids and were isolated following transformation into Escherichia coli JM109-competent cells using a MagExtractor plasmid kit (Toyobo, Osaka, Japan). The absolute copy number of each mRNA was also measured by quantitative real-time RT-PCR with a LightCycler instrument (Roche Diagnostics, Tokyo, Japan) using the same primers and SYBR Premix Ex Taq (Takara, Otsu, Japan). After an initial denaturation step of 10 minutes at 95°C, a 3-step cycling procedure (denaturation at 95°C for 10 s, annealing at 62°C for 10 s and extension at 72°C for 13 s) was used for 45 cycles. The absolute copy numbers of particular transcripts were calculated by LightCycler software using a standard curve approach. Gene expressions of 5 samples in a rat liver preparation were averaged.
Statistical analysis
Statistical assessment was performed by an unpaired Student t test or one-way analysis of variance (ANOVA) and Bonferroni's multiple comparison test. The differences were considered significant at p < 0.05. The data obtained from organ weight, arterial blood saturation, blood examination, quantitative RT-PCR, and enzyme-linked immunosorbent assay were expressed as mean ± standard error of the mean (SEM) or mean ± standard deviation. Correlations were evaluated by linear regression analysis. Data were analyzed using Pearson's correlation coefficient and
Results
Prevalence of Anemia and Relationship between Anemia and LC in All HF
Patients
Among consecutive HF patients admitted to the Cardiovascular Disease Department of Niigata University Medical and Dental Hospital, 41% had anemia (Table 1) . Plasma BNP levels were significantly higher in HF patients with anemia, but IVC diameter, an indicator of liver congestion, was similar in HF patients, irrespective of anemia (Table   1 ). There was almost no correlation between log-plasma BNP levels and blood Hb concentrations in male ( 
Serum Hepcidin Level in HF Patients with Anemia
We obtained 45 serum samples from patients with anemia and HF, who gave their consent and measured markers of heart failure by echocardiography. We then compared markers of heart failure, anemia and renal function between LC and non-LC patients (Table 2) . Plasma BNP levels were higher in patients with LC (IVC ! 2 cm) than those without LC (IVC ! 2 cm), whereas serum hepcidin levels were similar in both groups of patients. Difference of serum creatinine levels between LC and non-LC patients is not significant.
We analyzed all patients with anemia and HF (Fig 2A) . There was a weak negative correlation between log-serum hepcidin levels and Hb concentrations in LC patients, whereas there was a weak positive correlation between them in non-LC patients ( Fig.   2A upper panels). On the other hand, there was no correlation between log-serum hepcidin levels and Hb concentrations in patients with high TRPG reflecting pulmonary arterial pressure and low TRPG ( Fig. 2A lower panels) . Subsequently, we analyzed patients (n = 30) without chronic diseases, such as active inflammation and non-curative cancer (LC, n = 1 and non-LC, n = 14 as shown in Table 2 ) (Figs 2B and 2C) . These correlations (Fig. 2B ) were similar to those in analysis of all patients (n = 45) ( Fig. 2A) , and, moreover, log-serum hepcidin levels were higher in those patients with LC than those without LC (All, p = 0.0316; Hb " 11, p = 0.0100; Hb " 10, p = 0.0168) (Fig. 2C left side graph). In contrast, no difference was detected in the log-serum hepcidin levels between the patients with high TRPG and those with low TRPG (Fig. 2C right side graph).
Organ Weight and Histologic Findings
The heart weight/body weight ratio of MCT-treated rats gradually increased and the ratios of MCT-treated rats were significantly higher than that of control rats at all time points (4 weeks, n = 3; 5 weeks, n = 3; 6 weeks, n = 3) (Fig. 3A) . Marked right ventricular dilatation and hypertrophy of MCT-treated rats caused by pulmonary hypertension (PH) were observed from 4 wks to 6 wks ( Fig. 4 left side panels) .
Microscopic examinations of livers of MCT-treated rats from 4 weeks to 6 weeks showed red blood cell accumulation in the sinusoidal spaces around the central vein (Fig. 4 middle panels) and several hemosiderin-loaded macrophages in Berlin blue stained sections (Fig. 4 right side panels) , namely LC. The liver weight/body weight ratio of MCT-treated rats was increased by LC at 4 weeks. However, the ratio gradually decreased from 5 weeks to 6 weeks (Fig. 3B) .
Arterial Blood Oxygen Saturation
Arterial blood oxygen saturation levels of control rats were maintained at over 96%.
But those of MCT-treated rats gradually decreased to 82% at 6 weeks (Fig. 5 ).
Anemia and Serum Iron in MCT-Treated Rats
Hb and serum iron concentration and transferrin saturation of MCT-treated rats decreased at 4 -5 weeks (Figs. 6A, 6B, and 6C). However, Hb and serum iron concentration and transferrin saturation of MCT-treated rats recovered at 6 wks.
Expression of Hepcidin
The expression levels of hepcidin in livers of MCT-treated rats at 4 weeks were significantly higher than those in control rats and those in livers of MCT-treated rats at 5 weeks were similar to levels of control rats despite anemia and FID (Fig. 6D and squares and lozenges in Fig. 7 ). On the other hand, those at 6 weeks further decreased despite recovery of anemia and FID (Fig. 6D and triangles in Fig 7) .
Discussion
The most common form of anemia is iron deficiency anemia, which is characterized by a reduction of hepcidin (such as iron deficiency anemia, and bleeding anemia). In contrast, the anemia of chronic disease is characterized by induction of hepcidin, which causes a degradation of ferroportin channels (De Domenico et al. 2007 ).
Consequently, iron cannot be absorbed from the intestine, and is trapped within iron storage sites such as macrophages and hepatocytes.
Anemia and hepcidin in HF patients
Previous studies reported that 17 -57% of patients admitted with HF had anemia (Horwich et al. 2002; Ezekowitz et al. 2003; Hamaguchi et al. 2009; Caira et al. 2013) .
In the present clinical study, the observed rate of anemia in consecutive HF patients admitted to the Cardiovascular Disease Department of Niigata University Medical and Dental Hospital was 41%, which agreed with the previous reports. As previously reported (Horwich et al. 2002; Tsuji et al. 2004) , plasma BNP levels of HF patients with anemia were significantly higher than those without anemia. Anemia independently predicts substantially increased risks of death and hospitalization in HF (Mozaffarian et al. 2003; Go et al. 2006) . These data show that clinicians should attend to anemia in medical care of HF patients as is widely proposed.
Firstly, we evaluated the relation between anemia and LC in all HF patients with anemia. But in this study, the IVC diameter, an indicator of liver congestion, of HF patients with anemia were not significantly larger than those without anemia, and Hb concentrations were not correlated to the severity of LC. These results suggest that LC-associated anemia may occur in a minority of cases with anemia.
Secondly, we evaluated the influence of LC on the serum hepcidin level that may reflect hepcidin production. Hb concentrations correlated positively with serum hepcidin levels in patients without LC. This phenomenon has also been observed in children with iron deficiency (Choi et al. 2012) , the most common form of iron deficiency anemia, which is characterized by a reduction of hepcidin. In contrast, Hb concentrations in LC patients correlated negatively with hepcidin levels, which is a type of anemia characterized by induction of hepcidin. Moreover, because hepcidin is induced by chronic disease including infections, malignancies, and rheumatologic disorders (Weinstein et al. 2002; Weiss and Goodnough 2005; Maes et al. 2010 ), we analyzed serum hepcidin levels in HF and anemia patients without chronic disease. In this series of HF patients without chronic disease, serum hepcidin levels were higher in LC patients than those in patients without LC; namely, hepcidin levels of LC patients did not decrease despite low Hb levels. These results suggest inappropriately increased hepcidin production in LC patients.
Anemia, FID and hepcidin expression in MCT-Treated PAH Rats
Histlogical findings of liver in MCT-treated rats at 4 -6 weeks showed congestion.
In MCT-treated rats at 4 -5 weeks, Hb and serum iron concentration and transferrin saturation were decreased and the expression levels of hepcidin in livers were not decreased despite anemia and FID. These findings were similar to those of rats with LC by ligating the IVC as our previously reported (Suzuki et al. 2014 ) and suggest inappropriately increased expression of hepcidin, that is, a form of anemia characterized by an induction of hepcidin. On the other hand, MCT-treated rats at 6 weeks were quite different from rats with LC by ligating the IVC (Suzuki et al. 2014) . Liver weight/body weight ratio in LC rats in which the IVC was ligated was persistently high and with severe continuing LC throughout the course of ligation, while, in contrast, liver weight/body weight ratio in MCT-treated rats at 6 weeks decreased and liver atrophy was observed. We surmised that the liver atrophy observed in this model was due to the unusual and severe hypoxemia and low cardiac output (Denis et al. 2004; Farahani et al. 2008 ). Previous studies have reported that hypoxia reduced hepcidin expression in hepatocytes (Nicolas et al. 2002) . Moreover, the low cardiac output causes hypoxia in several organs and tissues (Fahey and Lister 1989); therefore, the low cardiac output may regulate hepcidin expression in a similar way as hypoxemia. In fact, hepcidin expression of MCT-treated rats at 6 weeks decreased; therefore, the decrease is likely due to hypoxemia and low cardiac output.
The most common findings of liver in clinical right HF patients are not atrophy but congestion. PAH, mitral stenosis, tricuspid regurgitation, cor pulmonale, constrictive pericarditis, cardiac amyloidosis, and some types of congenital heart disease, etc., is not consistent with liver atrophy but LC (Alvarez and Mukherjee 2012). Right HF with liver atrophy is rare (Greenberg and Kahn 2012). Our previous reported case of tricuspid regurgitation (Suzuki et al. 2012 ) also had persistent LC, refractory anemia, and a very high serum hepcidin level, but did not have severe hypoxemia and the low cardiac output. In such a case with persistent LC, inappropriate increased hepcidin expression seems to be caused by LC and results in anemia and FID.
On the other hand, findings of MCT-treated rats at 6 weeks suggest that hypoxemia and the low cardiac output observed in HF patients are also important players in iron metabolism. Clinical PAH patients with hypoxemia are often treated by oxygen inhalation (Palmisano et al. 1990) , and congenital heart disease with right-to-left shunt flow often causes severe hypoxemia (Webb et al. 2012) and severe left HF with lung congestion (Gheorghiade et al. 2012) leading to hypoxemia and the low cardiac output.
Hypoxemia results in secondary polycythemia (Webb et al. 2012 ) and increased iron absorption (Simpson 1996; Mastrogiannaki et al. 2013) . In this study, MCT-treated rats showed severe hypoxemia at 6 weeks and the anemia and FID later recovered unlike LC rats in which the IVC was ligated. Anyway, in HF patients, various factors influence hepcidin expression, such as LC, hypoxemia, and low cardiac output; these factors should be also considered for understanding iron metabolism. performed by one-way ANOVA and Bonferroni's multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001. Control rats (n = 9) were injected with phosphate buffered saline (4 weeks, n = 3; 5 weeks, n = 3; 6 weeks, n = 3). Relationship between Hb concentration and hepcidin expression.
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